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University	 of	 Bergen.	 It	 consists	 of	 three	 scientific	 papers	 along	 with	 an	 introduction	 to	 relevant	
topics.	 The	papers	 are	 based	on	 research	work	 performed	 at	 the	Centre	 for	 Integrated	 Petroleum	
Research	 (CIPR)	at	 the	University	of	Bergen	 in	 the	period	September	2010	 to	December	2013.	The	
project	was	 part	 of	 the	 PETROMAKS	 program	 initiated	 and	 sponsored	 by	 the	Norwegian	 Research	
Council.	
The	thesis	includes	research	on	the	hybrid	EOR	process	of	low	salinity	surfactant	injection.	The	main	
objective	 was	 to	 investigate	 whether	 combining	 the	 two	 processes	 of	 low	 salinity	 injection	 with	
surfactant	injection	would	be	more	efficient	than	either	of	the	processes	alone.		
The	first	 five	chapters	 introduce	the	concept	of	surfactant	flooding	and	the	 low	salinity	effect	(LSE)	
and	 important	 aspects	 around	 these	processes	both	alone	and	 combined.	A	 summary	of	 the	main	
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often	 called	 hybrid	 EOR	 methods,	 and	 in	 this	 work,	 we	 investigate	 the	 potential	 for	 further	
enhancement	 of	 oil	 recovery	 by	 combining	 low	 salinity	 (LS)	 and	 surfactant	 (S)	 injection.	
	
When	injecting	LS	water	that	holds	a	significantly	lower	salinity	than	the	formation	water	salinity,	it	is	
believed	 that	 destabilization	 of	 oil	 layers	 adhering	 to	 mineral	 surfaces	 making	 the	 surface	 more	
water-wet	could	be	a	contributing	mechanism	to	EOR.		
Surfactant	flooding	is	a	proven	EOR	technique,	which	mobilizes	capillary	trapped	oil	by	lowering	the	
oil	 water	 Interfacial	 Tension	 (IFT).	 The	majority	 of	 the	 literature	 on	 the	 topics	 of	 low	 salinity	 and	
surfactant	 flooding	 addresses	 one	 or	 the	 other.	 In	 this	 study,	 however,	 we	 investigated	 whether	
combining	the	two	processes	of	low	salinity	injection	with	surfactant	(LSS)	injection	would	be	more	
efficient	than	either	of	them	applied	alone.	We	propose	that	by	taking	advantage	of	the	oil	that	has	









at	 similar	 capillary	 numbers	 showed	 lower	 residual	 oil	 saturations	 for	 the	 LSS	 experiments.	 The	













































Abbreviations and Symbols 
	
A	 Area	 kri	 Relative	Permeability	to	phase	i	
APS	 Alcohol	Propoxy	Sulfate	 LS	 Low	Salinity	
C	 Empiric	constant		 LSE	 Low	Salinity	Effect	
CDC	 Capillary	Desaturation	Curve	 LSS	 Low	Salinity	Surfactant		
ci	 Molality	of	element	i	 LSWAG	 Low	Salinity	Water	Alternating	Gas	
CMC	 Critical	Micelle	Concentration	 MIE	 Multicomponent	Ion	Exchange	
COBR	 Crude	Oil/Brine/Rock	 Nc	 Capillary	Number	
CSC	 Critical	Salt	Concentration	 Ncc	 Critical	Capillary	Number	
DLVO-
theory	 Derjaguin-Landau-Verwey-Overbeek-theory	 OOIP	 Originally	Oil	In	Place	
dP	 Differential	Pressure	 OS	 Optimal	Salinity	
EDS	 Energy	Dispersive	Spectroscopy	 OSS	 Optimal	Salinity	Surfactant	
EOR	 Enhanced	Oil	Recovery	 DP	 Pressure	difference	
G	 Free	energy	 R	 Radius	of	curvature	
HS	 High	Salinity	 S*	 Optimal	Salinity	
HSS	 High	Salinity	Surfactant		 SBA	 Secondary	Butanol	Alcohol	
I	 Ionic	strength	 SO	 Oil	saturation	
IAA	 Isoamyl	Alcohol	 Sor	 Residual	oil	saturation	
IAH	 Amott	Harvey	wettability	index	 Sorc	 Residual	oil	saturation	after	a	chemical	flood	
IFT	 Interfacial	Tension	 Sor,LS	 Residual	oil	saturation	after	LS	injection	
IO	 Wettability	index	to	oil	 Sor,LSS	 Residual	oil	saturation	after	LSS	injection	
IOS	 Internal	Olefin	Sulfonate	 Sorw	 Residual	oil	saturation	after	waterflood	
ISwi	 Intensity	at	Swi	 So,Swi	 Oil	saturation	at	Swi	




	I100%	water	 Intensity	at	100%	water	saturation	 SPi	 Solubilization	parameter	for	phase	i	
I*++%	#./01	 Average	intensity	at	100%	water	saturation	 STO	A	 Stock	tank	crude	oil	A	



















































































































energy	 supply	 and	 demand,	 but	 also	 due	 to	 climate	 challenges	 and	 global	 agreements	 on	 climate	
goals.	 The	 energy	 landscape	will	 thus	 undergo	 adjustments	with	mixed	 energy	 supplies	 from	both	
renewables	 and	 fossil	 energy.	 Nevertheless;	 fossil	 fuels	 will	 still	 remain	 as	 the	 bedrock	 of	 global	
energy.	 The	 energy	 systems	 are	 expected	 to	 increase	 in	 complexity,	 both	 across	 and	 within	
technologies,	to	improve	efficiencies	meeting	the	high	energy	demand.	The	oil	industry	has	observed	






and	 thereby	 contribute	on	narrowing	 in	on	 the	energy	gap.	 To	enhance	 the	oil	 recovery	efficiency	
further,	 there	 have	 been	 growing	 focuses	 lately	 on	 developing	 recovery	 methods	 that	 combine	
different	EOR	methods	–	so	called	hybrid	methods.			
	
The	 displacement	 of	 oil	 by	 injection	 of	 unlimited	 accessible	 sea	 water	 has	 traditionally	 been	
understood	as	a	physical	process	where	water	maintains	reservoir	pressure	simultaneously	as	mobile	
oil	 is	 swept	 towards	 a	 producing	 well.	 Studies	 conducted	 during	 the	 past	 decade	 however,	 have	
concluded	 that	 oil	 recovery	 by	waterflooding	 also	 involves	 chemical	 processes	 between	 the	Crude	
Oil,	Brine	and	Rock	(COBR).	Introducing	injection	water	with	a	significantly	lower	ionic	strength	than	
that	 of	 the	 connate	 water	 can	 therefore	 contribute	 to	 increased	 recovery	 beyond	 the	 classical	
secondary	 SW	 recovery,	 which	 is	 called	 the	 Low	 Salinity	 Effect	 (LSE).	 Although	 the	 dominating	
mechanism(s)	 behind	 the	 LSE	 is	 not	 fully	 understood	 a	 frequent	 observation	 in	 the	 porous	media	





The	 aim	of	 a	 surfactant	 flooding	 is	 to	 decrease	 the	water-oil	 Interfacial	 Tension	 (IFT)	 and	 capillary	
forces	 in	 the	porous	media	and	thereby	 increase	the	microscopic	sweep	to	reduce	the	residual	oil.	
Optimised	surfactant	systems	showing	ultralow	water-oil	 IFT	have	 in	theory	a	high	efficiency	on	oil	
recovery,	 but	 it	 is	 often	 proven	 difficult	 to	 design	 and	manufacture	 specialized,	 yet	 cost-effective,	
surfactant	systems	needed	for	applications	at	high	salinities.	Surfactant	flooding	in	a	LS	environment	
on	 the	 other	 hand,	 opens	 up	 for	 using	 a	 wider	 range	 and	 more	 commercially	 available	 low-cost	
surfactant	 systems.	 The	drawback	 is	 that	 their	 IFT	properties	often	are	higher	 than	 in	high	 salinity	
environments	resulting	in	lower	oil	recovery	efficiency.		This	compromise	has	led	to	the	investigation	













Traditional	 surfactant	 flooding	 at	 ultralow	 IFT	 yields	 very	 high	 recoveries,	 however,	 it	 is	 usually	
associated	with	high	cost.	Surfactant	systems	in	LS	environments	are	easier	to	control	at	lower	costs	
than	traditional	surfactant	systems.	The	drawback	is	that	these	systems	tend	to	show	higher	water-
oil	 IFT	 than	 traditional	 systems.	 Combining	 the	 techniques	 of	 LS	 and	 surfactant	 flooding	 takes	














of	oil	 reservoirs	 the	remaining	oil	 is	a	 target	 for	 tertiary	oil	 recovery	methods,	or	EOR	methods,	by	
improving	the	microscopic	and/or	volumetric	displacement	efficiency.		
The	definition	of	EOR	is	often	linked	to	the	use	of	unconventional	recovery	methods.	Sometimes	EOR	
is	defined	as	oil	 recovery	by	 injection	of	materials	usually	not	present	 in	 the	 reservoir	 such	as	e.g.	






into	 the	 reservoir	 formation	 to	 displace	 residual	 oil.	 It	 can	 follow	 primary	 recovery	 where	 the	
reservoir’s	natural	energy	(fluid	and	rock	expansion,	solution	gas	drive,	gravity	drainage	and	aquifer	
influx)	is	used	as	drive	mechanisms	to	produce	oil.	The	principal	reason	for	performing	a	waterflood	
is	 to	 increase	 oil	 recovery	 which	 is	 accomplished	 by	 voidage	 replacement	 where	 water	 push	 and	
replace	oil	towards	production	wells.		









Traditionally,	 surfactant	 floods	are	 carried	out	 in	 the	Winsor	 III	 region	due	 to	 the	ultralow	 IFT	and	
excellent	oil	displacement,	see	chapter	3.1.2.	However,	the	design	of	these	surfactant	floods	can	be	
challenging	and	expensive	[5,6]	since	the	Winsor	III	region	often	appears	at	a	narrow	salinity	window	
which	 can	 be	 difficult	 to	 maintain,	 and	 the	 surfactant	 flood	 can	 degenerate	 due	 to	 surfactant	
dilution,	dispersion,	adsorption	onto	 the	 rock	 surface	or	precipitation	of	 surfactant	by	high	 salinity	
reservoir	brine.		
An	 alternative	 is	 to	 perform	 the	 surfactant	 flood	 in	 the	 Winsor	 I	 region	 at	 lower	 salinity	





region,	 because	 they	 are	 expected	 to	 be	 less	 sensitive	 to	 changes	 in	 reservoir	 conditions	 and	
surfactant	concentrations	and	the	retention	 is	generally	 lower	at	these	salinity	conditions.	Flooding	




2.3 Capillary Desaturation Curve (CDC) 
	
On	 a	 microscopic	 level,	 capillary	 forces	 are,	 in	 part,	 responsible	 for	 the	 inefficiency	 during	
displacement	 of	 oil	 by	waterflooding.	 As	 the	 displacement	 of	 oil	 by	water	 proceeds,	 the	 oil	 phase	
eventually	disintegrates	into	blobs	of	residual	oil	(Sor).	The	trapped	oil	can	be	recovered	by	the	use	of	
EOR	 methods,	 by	 either	 reducing	 the	 capillary	 forces,	 whose	 strength	 is	 set	 by	 the	 oil/water	
interfacial	 tension,	 or	 by	 the	 viscous	 forces	 acting	 on	 the	 trapped	 phase	 to	 exceed	 the	 capillary	




















At	 low	Nc	 the	CDC	 remains	 constant	which	 represent	 the	 lowest	achievable	 Sor	 by	 for	example	SW	
flooding.	The	Nc	required	to	decrease	Sor	below	the	plateau	is	called	the	critical	capillary	number	(Ncc),	
In	order	for	the	Nc	to	increase	according	to	equation	(2.1)	and	thus	the	Sor	to	decrease	according	to	
Figure	 2.1,	 either	 the	 displacement	 flow	 rate	 must	 increase,	 the	 displacing	 fluid	 viscosity	 must	
increase	 (e.g.	 by	 polymer)	 and/or	 the	 IFT	 between	 oil	 and	 displacing	 fluid	 must	 decrease	 (e.g	 by	
surfactant).					
	
2.4 Hybrid EOR processes 
	
Research	 on	 combining	methods	 and	 processes	 in	 the	 energy	 sector	 have	 recently	 become	more	
attractive	due	 to	 increased	 focus	on	energy	and	production	efficiency	 from	both	an	economic	and	
environmental	perspective.		
On	the	EOR	side,	studies	combining	low	salinity	(LS)	injection	with	other	well-known	EOR	processes	

























fluids.	 It	 is	 the	 amphiphilic	 structure,	 i.e.	 their	 hydrophilic	 (polar)	 and	 hydrophobic	 (non-polar)	
moieties,	 that	 gives	 these	 molecules	 their	 adsorbing	 characteristics	 [17].	 Another	 important	
characteristic	of	surfactants	is	that	they	have	an	ability	to	form	self-assembled	structures	in	aqueous	
solution,	 called	 micelles.	 Micelle	 structures	 spontaneously	 formed	 by	 surfactants	 in	 solution	 are	
created	 to	 reduce	 the	 exposure	 of	 the	 hydrocarbon	 chains	 to	water	 and	 thereby	 reduce	 the	 free	
energy	of	the	system.	One	of	the	most	important	consequences	of	the	micellization	phenomenon	is	





cationic,	 non-ionic	 and	 amphoteric	 surfactants.	 Anionic	 surfactants	 are	 the	 most	 commonly	
surfactant	group	used	 in	EOR	applications.	 In	addition	to	their	nature	of	a	negatively	charged	head	
group	 which	 show	 a	 low	 adsorption	 level	 compared	 to	 other	 surfactant	 groups,	 they	 efficiently	
reduce	interfacial	tension	(IFT)	and	they	are	relatively	inexpensive	to	produce.							
	
3.1 Microemulsion phase behavior 
	




A	 transition	 in	microemulsion	 phase	 behavior	 is	 caused	 by	 different	 variables;	 see	 3.1.1,	 which	 is	
often	 studied	 through	 ternary	 phase	 diagrams	 [17,19,21].	 Each	 corner	 represents	 at	 least	 one	
component	 –	 surfactant,	 water/brine	 and	 oil,	 but	 often	 are	 pseudo-components	 like	 co-solvent	
included	in	one	of	the	components.				
For	 simple	 systems,	 the	 ternary	 diagram	 divides	 into	 two	 or	 four	 regions.	 In	 each	 case,	 every	
compositional	 point	 within	 the	 single-phase	 region	 above	 the	 binodal	 curve	 corresponds	 to	 a	




















3.1.1 Influence on phase behavior 
	
Variations	 in	 one	 or	 several	 parameters	 included	 in	 a	 microemulsion	 system,	 such	 as	 salinity,	
temperature,	 co-solvent,	 surfactant	 concentration,	WOR,	 type	 of	 oil,	 can	 cause	 a	 transition	 in	 the	
microemulsion	 phase	 behavior.	 Knowledge	 on	 how	 the	 parameters	 affect	 the	 phase	 behavior	 is	
important	when	 developing	 and	 optimizing	 a	 surfactant	 system	 satisfying	 specific	 flooding	 criteria	
[23].	
The	 effect	 of	 increasing	 salinity	 is	 shown	 by	 the	 ternary	 diagrams	 in	 Figure	 3.1.	 In	 these	
multicomponent	 systems	 salt	 is	 assumed	 to	 be	 included	 in	 the	 water	 component	 [24].	 A	 gradual	
increase	 leads	 to	 a	Winsor	 I	 >	 III	 >	 II	 phase	 transition,	 and	 is	 a	 classical	 phase	 behavior	 scan	 for	
surfactant	flooding	studies.		
Alcohol,	often	termed	co-solvent,	is	usually	added	to	surfactant	systems	to	help	surfactant	solubility	












Variations	 in	 surfactant	 concentration	was	 investigated	by	Healy	 et	 al.	 [21]	which	 claim	 that	 if	 the	
overall	surfactant	concentration	of	the	samples	is	changed,	the	phase	diagram	will	change,	reflecting	
the	multicomponent	nature	of	surfactant,	co-solvent,	brine	and	oil	used.	Wade	et	al.	observed	that	




The	 literature	also	 reports	contradictory	phase	behavior	 results	when	 the	effect	of	varying	WOR	 is	
investigated.	Phase	 transition	of	Winsor	 I	<	 III	<	 II	 as	 the	WOR	 increases	was	 found	by	Healy	et	al.	
[21],	and	agrees	with	the	WOR	study	in	P2	[28]	 in	this	thesis.	 In	contrast,	a	Winsor	I	>	 III	>	 II	phase	
transition	was	found	by	Tien	and	Bettahar	[29],	and	practically	no	variation	was	found	by	Flaaten	et	
al.	[6].		
Salager	 et	 al.	 [23]	 summarized	 the	 effect	 of	 systematically	 increasing	 several	 variables,	 including	
surfactant	 concentration	 and	 WOR,	 on	 the	 phase	 behavior	 of	 anionic	 surfactants.	 No	 systematic	
phase	 behavior	 transitions	 were	 observed	 on	 these	 two	 scans,	 thus	 concluding	 that	 the	 effect	 of	




























































where	 C	 is	 an	 empirical	 constant,	 usually	 0.3	 mN/m.	 This	 relationship	 serves	 as	 useful	 a	 tool	 for	
calculating	IFT	at	optimal	salinity	based	parameters	obtained	from	the	phase	behavior	experiments.	
However,	 IFTs	 other	 than	 at	 optimal	 salinity,	 for	 instance	 in	 a	 low	 salinity	 environment	 or	 for	 low	







solutions	 [35].	 Another	 problem	 that	 affects	 the	 efficiency	 of	 surfactant	 flooding	 is	 the	 loss	 of	




























4. THE LOW SALINITY EFFECT (LSE) 
	
Waterflooding	of	oil	reservoirs	by	seawater	(SW)	is	the	most	frequently	applied	recovery	method	for	
improved	 oil	 recovery.	 Traditionally,	 little	 attention	 has	 been	 given	 to	 the	 composition	 of	 the	





4.1 Proposed mechanisms for the LSE 
	
Complex	 crude	 oil/brine/rock	 (COBR)	 interactions	 and	 conflicting	 observations	 from	 experimental	
studies	 complicate	 the	understanding	of	 the	 LSE.	 There	 is	 no	 clear	 consensus	 about	 the	dominant	







• Crude	 oil,	 containing	 naturally	 occurring	 surface-active	 agents,	 acids	 and	 bases	 to	 create	
mixed-wet	conditions.		
• Clastic	materials,	containing	active	clay	materials	and	Kaolinite	in	particular.		
The	main	 suggestions	 explaining	 the	 underlying	mechanisms	 for	 the	 LSE	 include	 the	 double	 layer	
expansion,	 multicomponent	 ionic	 exchange	 (MIE),	 fines	 migration,	 effect	 of	 pH	 variation	 and	
wettability	alteration.		
	





Double	 layer	expansion	 is	described	by	classical	DLVO	 (Derjaguin-Landau-Verwey-Overbeek)	 theory	
which	 concerns	 colloidal	 stability	 and	 explains	 interactions	 between	 colloidal	 particles,	 their	







The	way	 double	 layer	 expansion	 can	 explain	 the	 LSE	 is	 by	 the	 counter	 ions	 in	 the	 brine	 film	 that	
adsorb	 to	 the	 negatively	 charged	 brine/oil	 and	 brine/rock	 interfaces	 and	 screen	 the	 repulsion	
between	these	 two	negatively	charged	 interfaces.	A	characteristic	 length	of	 this	 screening	 is	called	
the	diffuse	or	electrical	double	layer.	Figure	4.1	shows	the	electrical	potential	of	a	negatively	charged	








solution	 decreases.	 Both	 double	 layers	 expand	 to	 become	 more	 diffuse.	 As	 a	 result,	 the	 two	
interfaces	experience	greater	electrostatic	repulsion.	Consequently,	the	water	film	becomes	thicker	
and	 more	 stable,	 resulting	 in	 a	 more	 water-wet	 rock	 [49],	 thus	 leading	 to	 a	 destabilization	 and	
mobilization	of	the	oil	adhered	to	the	rock.	
		
4.1.2 Multicomponent Ion Exchange (MIE) 
	
Another	 proposed	mechanism	 to	 explain	 the	 LSE	 involves	 the	 non-DLVO	 interactions	 between	 the	
brine/oil	and	brine/rock	interfaces,	namely	Multicomponent	Ion	Exchange	(MIE),	which	has	together	
with	the	double	layer	expansion	been	referred	to	as	thin-brine-film	mechanisms	[49].	Lager	et	al.	[56]	







Crude	 oil	 forms	 organometallic	 complexes	 with	 divalent	 cations,	 such	 as	 Ca2+	 and	 Mg2+,	 that	 are	
adsorbed	 on	 the	 clay	 surface	 promoting	 oil-wetness	 on	 rock	 surfaces	 [50,56].	 Other	 organic	 polar	
components	 in	 the	 oil	 are	 adsorbed	 directly	 to	 the	mineral	 surface	without	 cations	 being	 present	
causing	an	even	more	oil-wetness	of	the	clay	surface.	During	LS	injection	MIE	takes	place,	replacing	




4.1.3 Fines mobilization and migration 
	
Clay	 tends	 to	 hydrate	 and	 swell	when	 contacting	 fresh	water.	 If	 the	 ionic	 strength	 of	 the	 injected	
brine	 is	 less	 than	 the	 critical	 flocculation	 concentration	 the	 clay	 can	 become	 destabilized	 and	






wettability	 range,	mixed-wet	 particles	 are	 formed	 by	 adsorption	 of	 heavy	 polar	 components	 from	















may	 direct	 the	 flowing	 fluid	 to	 new	 areas	 of	 flowing	 channels.	 As	 a	 result,	 an	 increase	 in	 oil	
production	is	registered.	This	may	after	all	not	be	a	favourable	effect	since	it	is	accompanied	with	a	
reduction	in	formation	permeability	due	to	clay	dispersing	the	in	water	can	lodge	smaller	pores	and	
pore	 throats.	 Reduction	 of	 permeability	 and	 produced	 fines	 were	 observed	 in	 this	 work	 during	 a	
water	sensitivity	study,	see	chapter	6.2.1.	
	
4.1.4 Variation in pH  
	
Based	on	 the	work	 of	Austad	 et	 al.	 [48,58],	Myint	 et	 al.	 [49]	 named	 the	 following	mechanism	 the	
Austad	 et	 al.	 mechanism.	 It	 proposes	 a	 chemical	 mechanism	 where	 the	 clay	 acts	 as	 a	 cation	
exchanger	and	produces	a	local	increase	in	pH	close	to	the	brine/clay	interface.		
When	 the	 salinity	 decreases	 by	 LS	 injection,	 the	 equilibrium	 between	 the	 adsorbed	 polar	
components	 in	 the	oil	 and	 inorganic	 cations	 in	 the	 formation	brine	 (Ca2+)	 is	disturbed	because	 the	
concentration	 of	 cations	 in	 the	 brine	 is	 lowered.	 To	 counteract	 this	 disturbance,	 there	 is	 a	 net	




and	 wettability	 alteration	 due	 to	 breakage	 of	 non-DLVO	 interactions	 (acid/base	 interactions,	












In	 addition,	 the	 Austad	 et	 al.	 mechanism	 alters	 the	 brine/clay	 electrostatic	 potential	 because	
substitution	 of	 an	 adsorbed	 divalent	 cation	 with	 H+	makes	 the	 clay	 surface	 even	more	 negatively	
charged.	This	enhances	the	double-layer	expansion	[49].	
In	 some	 reported	 studies	 LS	 injection	 is	 accompanied	 by	 rise	 in	 pH	 [42,44],	 but	 the	 change	 in	 pH	
cannot	be	used	to	explain	the	LSE		alone	[59,60].	
	
4.1.5 Wettability alteration 
	
Wettability	alteration	towards	 increasing	water-wet	state	during	LS	 injection	 is	the	most	frequently	
suggested	 cause	 of	 increased	 recovery.	 When	 wettability	 changes	 from	 less	 to	 more	 water-wet	











5. MATERIALS AND METHODS 
	
This	 chapter	 will	 explain	 the	 main	 materials	 and	 chemicals	 used	 in	 this	 work	 together	 with	
experimental	setup	and	how	experimental	methods	have	been	performed.		
	


























volume	 of	 crude	 oil	 and	 stored	 in	 heating	 cabinets	 at	 the	 appropriate	 temperatures	 for	 the	 core	
flooding	experiments.	Solubilization	parameters	(SPi)	were	obtained	by	measuring	the	phase	heights	
in	 the	 samples	 after	 equilibration	was	 reached.	 For	 the	 surfactant	 systems	where	 it	was	 possible,	
optimal	salinity	(S*)	was	determined	by	the	intersection	point	between	SPw	and	SPo	when	plotted	as	
a	function	of	salinity.	
















Paper	1	 	 	 	 	 	 	
S13	 0.2	 -	 3	000	NaCl	 STO	A	 0.015	 A1	
S13	 1	 -	 3	000	NaCl	 STO	A	 5	·	10-4	 A1	
Paper	2	 	 	 	 	 	 	
3:1	APS:IOS	 0.2	 SBA	 		2	500	sw	 STO	A	 0.018	 L1,	L3,	H1	
3:1	APS:IOS	 0.2	 SBA	 15	500	sw	 STO	A	 3	·	10-4	 L2,	H2	
Paper	3	 	 	 	 	 	 	
3:1	APS:IOS	 0.5	 SBA	 		2	500	sw	 STO	B	 0.12	 LS1	
APS	 0.5	 IAA	 		2	500	sw	 STO	B	 0.025	 LS2	
2:5	APS:IOS	 0.5	 SBA	 25	800	sw	 STO	A		 0.06	 HS1	


































5.4 Core Preparations 
	
After	 weighing	 and	 measuring	 dimensions	 of	 a	 dry	 core	 sample,	 it	 was	 mounted	 in	 Hassler	 core	
holders	 with	 an	 overburden	 pressure	 of	 around	 25	 bars,	 vacuumed	 and	 saturated	 with	 SW	 to	
determine	 the	 porosity.	 After	 at	 least	 one	 week	 of	 rock/brine	 equilibration	 time,	 absolute	




elevated	 temperature	 obtaining	 wettability	 states	 other	 than	 strongly	 water-wet.	 The	 procedure	
included	aging	time	for	at	least	two	weeks	in	110⁰C	(except	core	A2,	see	chapter	6.3.1)	with	flushing	
of	fresh	oil	through	the	core	both	during	and	after	the	aging	process.		
Core	 flooding	 experiments	were	 carried	 out	 at	 an	 injection	 rate	 of	 0.1	ml/min	while	 continuously	
measuring	dP	over	the	core	and	conducting	relative	permeability	measurements	after	each	injection	
step.	 Low	 Salinity	 Surfactant	 flooding	 experiments,	 referred	 to	 as	 LSS	 injection,	 in	 tertiary	 mode	
involves	 an	 initial	 SW	 flood,	 followed	 by	 a	 waterflood	 at	 reduced	 salinity,	 and	 finally	 surfactant	
injection	 at	 reduced	 salinity.	 For	 similar	 experiments	 in	 secondary	 mode	 the	 SW	 flooding	 step	 is	
omitted.					
Surfactant	flooding	in	a	salinity	environment	too	high	for	the	LSE	to	be	expected	is	referred	to	either	





To	 get	 an	 indication	 of	 the	 wetting	 state	 of	 the	 core	 material	 using	 the	 aging	 method	 described	
above,	a	wettability	test	based	on	spontaneous	imbibition	measurement	was	conducted,	see	chapter	
6.2.2.	 A	 wettability	 study	 obtaining	 the	 full	 set	 of	 capillary	 pressure	 curves	 was	 not	 performed;	
however,	 it	was	decided	 to	do	spontaneous	 imbibition	 tests	on	one	aged	and	one	non-aged	Berea	
core	 plug	 cut	 from	 the	 same	 block,	 to	 obtain	 a	wettability	 indication	 after	 the	 aging	 process.	 The	


























5.6 In-Situ Saturation Monitoring 
	
Three	cores	in	P3	were	subjected	to	in-situ	saturation	monitoring.	The	in-situ	fluid	saturations	were	
determined	 using	 an	 X-ray	 scanning	 technique	 and	 a	 semi-log	 interpolation	 method	 based	 on	
Labert’s	law.	
The	 detector	 system	was	mounted	 on	 a	 trolley,	 which	moved	 by	 a	 step	motor	 along	 the	 sample.	
Intensities	were	measured	every	0.5	cm.	When	starting	a	scan,	X-rays	are	emitted	from	a	70	kV,	0.1	
mA	MiniFocus	 Tungsten	 target	 source.	 A	 detector	 measures	 the	 intensities	 of	 the	 X-rays	 passing	
through	the	sample.	After	the	predefined	count	 interval	of	3	s,	 the	X-ray	device	moves	to	the	next	
position.		
The	material	 the	 X-rays	 pass	 through	 from	 source	 to	 detector	 attenuates	 them.	 The	 reduction	 in	
intensity	of	an	X-ray	beam	as	it	passes	through	a	core	depends	upon	the	fluids	present.	To	improve	
the	accuracy	of	the	saturation	determination	in	this	study,	the	oil	phase	was	doped	with	iododecane,	
which	 enhances	 the	 attenuation	 contrast	 between	 oil	 and	 water.	 To	 compute	 the	 oil	 saturation	
during	a	flooding	process,	reference	scans	of	the	dry	core,	100%	saturated	with	brine	and	at	Swi	were	




























5.7 Water Sensitivity  
	









Dynamic	 retention	 experiments	 were	 performed	 in	 two	 Berea	 cores,	 R1	 and	 R2,	 both	 holding	
absolute	 permeabilities	 around	 100	 mD.	 R1	 and	 R2	 were	 saturated	 with	 LS	 and	 OS	 brine,	
respectively.	Retention	profiles,	Figure	6.11,	were	obtained	by	injecting	a	surfactant	slug	(R1	=	5	PV	
and	R2	=	6	PV)	 into	 the	core	which	had	a	salinity	corresponding	 to	 the	surfactant	solution	salinity.	
The	 slugs	 contained	 the	 same	 components	 and	 concentrations	 as	 in	 the	 flooding	experiments	 and	















of	 the	 injected	concentration	breaks	 through	after	1	PV	with	 the	profile	being	symmetrical	around	









6. SUMMARY OF MAIN RESULTS 
	
The	main	aim	of	this	thesis	was	to	investigate	whether	LS	flooding	in	the	presence	of	surfactant	could	




- Traditional	 surfactant	 flooding	 at	 ultralow	 IFT	 yields	 very	 high	 recoveries,	 however	 it	 is	
usually	associated	with	high	cost	












based	 on	 lowering	 the	 IFT	 alone.	 These	 results	 suggest	 a	 combined	 effect	 of	 LS	 and	 surfactant	
injection	which	exceed	oil	recoveries	of	either	of	the	techniques	applied	alone.	Mixed-wet	conditions	
appear	to	be	more	favorable	than	water-wet	conditions	for	the	combined	process	to	occur.		
The	observations	were	 taken	 further	 in	 the	next	paper	 (P2)	where	we	compared	oil	 recovery	at	LS	






effect	 of	 a	 sole	 reduction	 in	 IFT.	 The	 reductions	 in	 residual	 oil	 saturations,	 at	 similar	 capillary	
numbers	 and	 phase	 behavior	 conditions,	 are	 higher	 for	 the	 LSS	 experiments	 compared	 to	 regular	
injection	experiments.	Based	on	these	results	we	concluded	that	the	two	strategies	follow	different	








6.1 Finding Suitable Surfactant Systems through Phase Behavior Studies 
	
The	 properties	 of	 a	 surfactant	 system	 are	 often	 sensitive	 to	 changes	 in	 its	 chemical	 composition.	
Thus,	thorough	preparations	of	surfactant	phase	behavior	tests	are	a	prerequisite	before	conducting	
dynamic	 flooding	 experiments	 involving	 surfactant	 systems.	 Static	 surfactant	 phase	 behavior	 tests	
were	performed	for	all	surfactant	formulations	used	in	this	thesis.			
Since	 the	 aim	of	 the	 core	 flooding	 studies	was	 to	 investigate	 the	 combined	 effect	 of	 LS	 brine	 and	
surfactant,	 the	 main	 objective	 for	 most	 of	 the	 surfactant	 phase	 behavior	 studies	 was	 to	 find	 a	
surfactant	 solution	 that	would,	 at	 LS	 conditions,	 reduce	 the	water-oil	 IFT	 to	 a	moderate	 level	 and	
form	a	lower	phase	microemulsion	(Winsor	I)	with	the	crude	oil	in	question.	To	investigate	the	effect	
of	 a	 moderate	 water-oil	 IFT	 combined	 with	 LS	 brine,	 it	 was	 important	 to	 avoid	 the	 three	 phase	
microemulsion	area	(Winsor	III)	where	ultralow	IFT	values	<	10-2	mN/m	occur,	which	normally	is	the	
target	 in	 traditional	 surfactant	 flooding	processes.	At	 the	 same	 time	 the	 classical	 requirements	 for	










be	 reduced	 to	 take	 advantage	 of	 the	 increased	 recovery	 by	 combining	 the	 two	 methods.	 Phase	
behavior	studies	were	therefore	conducted	to	 find	a	Winsor	 I	 surfactant	system	showing	a	gradual	
decrease	in	IFT	while	staying	in	the	LS	region.	
IFT	measurements	using	the	S13	surfactant	(isotridecyl	alchol	13PO	sulphate)	at	a	constant	LS	salinity	
of	 3000	 ppm	 NaCl	 and	 crude	 oil	 STO	 A,	 showed	 a	 decreasing	 IFT	 with	 increasing	 surfactant	
concentration	 from	0.2	 to	 1	wt%,	 see	 Figure	 6.1.	 The	 phase	 behavior	 samples	 at	 these	 conditions	
were	all	in	the	Winsor	I	regime	characterized	by	transparent	water	phases	with	a	yellow	colour	due	













cause	 a	 change	 in	 the	 phase	 behavior	 of	 the	 system.	 The	 change	 in	 IFT	 in	 Figure	 6.1	 may	 be	 an	
indication	of	that.	Even	though	the	IFT	gradually	changes,	a	phase	transition	from	Winsor	I	to	Winsor	
III	[32]	was	not	observed	in	the	phase	behavior	sample	tubes.	However,	the	transition	zone	between	
Winsor	 I	 and	 III	 may	 nevertheless	 move	 towards	 lower	 salinities	 with	 increasing	 surfactant	
concentration.		
In	 pure	 surfactant,	 water	 and	 hydrocarbon	 systems,	 IFTs	 decreases	monotonically	 with	 surfactant	
concentration	 up	 to	 the	 formation	 of	 surfactant	micelles,	 i.e	 critical	 micelle	 concentration	 (CMC).	
Interfacial	properties	of	natural	petroleum	sulfonate	systems	are	generally	similar	 to	 those	of	pure	









To	 achieve	 this,	 a	 surfactant	 formulation	 which	 could	 simultaneously	 show	 low	 IFT	 and	Winsor	 I	
phase	behavior	in	the	LS	region,	and	Winsor	III	phase	behavior	with	ultralow	IFT	at	salinities	outside	
the	 salinity	 range	 normally	 associated	 with	 a	 LSE,	 had	 to	 be	 used.	 Due	 to	 unfavourable	 phase	













The	 target	 surfactant	 concentration	 for	 the	 core	 flooding	 experiments	 in	 P2	 was	 0.2	 wt%.	 To	




























Phase	 behavior	 can	 also	 be	 investigated	 in	 terms	 of	 measuring	 the	 IFT	 between	 the	 surfactant	
solution	and	the	oil	at	increasing	salinities	[21].	In	this	work	these	measurements	concluded	on	the	
moderate	and	ultralow	regions	for	the	given	surfactant	system.	
The	 IFT	 is	 also	 an	 essential	 term	when	 the	 capillary	 number,	Nc,	 i.e.	 the	 efficiency	 of	 a	 surfactant	
flood	is	evaluated.		
The	IFT	measurements	for	the	surfactant	blend	discussed	above	are	shown	in	Figure	6.4	as	a	function	
of	 salinity.	 The	 IFT	 at	 LS	 salinity	 (around	 2500	 ppm	 diluted	 sw)	was	measured	 to	 0.018	mN/m.	 A	
minimum	in	IFT	was	found	at	a	salinity	around	15	600	ppm	diluted	sw,	i.e.	optimal	salinity	(OS),	with	
a	value	in	the	ultralow	region	(IFT	=	3	×	10-4	mN/m).	The	salinity	corresponding	to	a	minimum	in	IFT	is	
















6.1.3 Low- and High Salinity Winsor I Phase Behavior Systems (P3) 
	




Also,	 the	 objectives	 of	 P3	was	 to	 compare	 LSS	 core	 flooding	 experiments	with	 surfactant	 flooding	




used	 to	 tailor	 the	 surfactant	 systems	 to	 moderate	 IFTs	 to	 Winsor	 I	 systems	 in	 the	 salinity	 range	
mentioned	above.	The	surfactant	phase	behavior	results	for	the	surfactant	systems	used	in	the	core	


















2:5	 SBA	 STO	A	 54	000	 11	
3:1	 SBA	 STO	B	 27	475	 13	
1:1	 IAA	 STO	B	 17	205	 10.5	





Table	 6.2	 shows	 the	 flooding	 conditions	 for	 the	 four	 cores,	 LS1,	 LS2,	 HS1	 and	 HS2.	 The	 LS	 cores	










3:1	 2549	 0.12	 LS1	
1:0	 2549	 0.025	 LS2	
2:5	 25866	 0.06	 HS1	
1:1	 15302	 0.015	 HS2	
	
	
6.2 Improved Understanding of Core Flooding Experiments through Core 
Characterization and Effluent Analysis 
	
In	 this	 chapter,	 some	 of	 the	 results	 from	 methods	 conducted	 to	 analyse	 the	 core	 material	 and	
effluent	 water	 after	 flooding	 experiments	 are	 presented.	 A	 water	 sensitivity	 experiment	 was	
performed	 to	 investigate	 the	 salinity’s	 effect	 on	 the	 core	 material.	 To	 get	 an	 indication	 of	 the	
wettability	alteration	in	the	core	material	using	the	aging	method	described	earlier,	a	wettability	test	
was	 performed	 on	 two	 cores	 where	 only	 one	 followed	 the	 aging	 method	 described	 above.	 To	
calculate	 the	 retention	 of	 surfactant	 during	 a	 flooding	 experiment,	 surfactant	 concentration	 in	






6.2.1 Water Sensitivity 
	
Water	sensitivity	of	sandstones	is	a	colloidal	phenomenon	where	the	permeability	of	the	sandstone	
decreases	 at	 a	 specific	 salt	 concentration,	 termed	 Critical	 Salt	 Concentration,	 Csc	 [71].	 This	 is	 an	
important	 phenomenon	 in	 LS	 studies,	 because	 the	 concentration	 of	 brine	 used	 in	 LS	 experiments	
may	be	close	to	the	Csc	of	the	core	material.			
Figure	 6.5	 shows	 the	 result	 of	 a	 water	 sensitivity	 experiment	 on	 a	 Berea	 sandstone	 core	 with	
permeability	 as	 a	 function	 of	 injected	 volume	 of	 decreasing	 brine	 salinity.	 The	 core	 is	 initially	
saturated	 with	 SW,	 Sw	 =	 1.	 Permeability	 reduction	 was	 first	 observed	 during	 the	 0.3	 wt%	 NaCl	
injection,	which	 is	 the	LS	brine	concentration	used	 in	 this	 study.	Additional	brine	salinity	 reduction	
lead	 to	 additional	 reduction	 in	 permeability,	 however,	 fines	 were	 only	 visually	 observed	 in	 the	









of	 clay	 particles,	 mainly	 Kaolinite,	 that	 occurs	 when	 the	 salt	 concentration	 falls	 below	 the	 Csc	
[57,71,72].	 The	 Csc	 is	 strongly	 dependent	 on	 the	 relative	 concentration	 of	 divalent	 cations	 such	 as	
Ca2+	 and	Mg2+	 [73].	 The	mechanism	 of	 fines	mobilization	 and	migration	 is	 explained	 by	 the	 DLVO	
theory	 of	 colloids,	 which	 was	 mentioned	 in	 chapter	 4.1.1.	 The	 counter	 ions	 (e.g.	 Ca2+	 and	 Mg2+)	
involved	 in	the	 interactions	between	solid	and	aqueous	phase	contribute	to	 low	repulsive	forces	 in	
the	double	layer.	When	the	brine	salinity	is	lowered,	the	double	layer	will	expand,	and	the	tendency	














are	destabilized	 in	 the	presence	of	LS	water.	This	 implies	 that	oil	 initially	 is	adhered	to	the	mineral	
surface	of	the	core,	i.e.	the	core	is	not	strongly	water-wet.		
There	are	no	direct	measurements	of	wettability	 in	cores	 [74],	however	 the	Amott	 [75]	and	USBM	
test	 [76]	 are	 methods	 of	 characterizing	 wettability	 of	 crude-oil/brine/rock	 (COBR)	 systems.	 Both	
depend	 on	 capillary	 pressures	 and	 microscopic	 displacement	 efficiencies	 where	 the	 full	 sets	 of	
capillary	pressure	curves	are	obtained.	
Morrow	et	al.	[65]	proposed	a	test	were	only	the	Amott	wettability	index	to	water,	Iw,	together	with	




The	 wettability	 of	 a	 porous	 medium	 will	 affect	 its	 waterflood	 behavior	 and	 relative	 permeability	
because	 it	 is	 a	 major	 factor	 in	 the	 control	 of	 the	 location,	 flow	 and	 distribution	 of	 fluids.	 In	 a	
uniformly	wetted	core,	the	effective	oil	permeability	at	a	given	initial	water	saturation	decreases	as	
the	wettability	is	varied	from	water-wet	to	oil-wet	[77].	Measurement	of	oil	relative	permeability,	ko,	
before	 and	 after	 aging	 can	 therefore	 give	 an	 indication	 whether	 the	 wettability	 has	 been	 altered	
during	 the	aging	process.	Swi	 is	assumed	unchanged	during	 this	process	 in	 such	a	way	 that	a	direct	
comparison	of	ko	before	and	after	aging	can	be	made.	Table	6.3	shows	the	permeabilities	measured	




Core	ID	 Aging	time	[days]	 ko	(Swi)	before	aging	 ko	(Swi)	after	aging	 Iw	
w1	 14	 165	 90	 0.42	
w2	 0	 120	 not	aged	 1	
	
Figure	6.6	shows	the	oil	recovery,	as	a	function	of	spontaneous	imbibition	time	for	core	w1	and	w2.	












Iw	 ranges	 from	 0.3	 to	 0.4	 for	 neutral	 to	 weakly	 water-wet	 systems	 whereas	 strongly	 water-wet	






















areas	on	the	same	rock	with	visual	 laminations,	Figure	6.8.	The	 left	 image	represents	the	host	rock	






Dispersion	 tests	 were	 carried	 out	 on	 most	 of	 the	 cores	 in	 this	 work	 to	 understand	 their	 flow	
properties	and	to	see	if	there	were	any	differences	between	the	homogeneous	and	heterogeneous	
cores.	The	tests	were	carried	out	both	at	Sor	and	 in	clean	state	(100	%	water	saturated).	Figure	6.9	
and	 Figure	 6.10	 shows	 dispersion	 profiles	 for	 core	A1	 (visually	 homogeneous)	 and	 core	 B	 (visually	
heterogeneous)	from	P1,	and	core	L1	(visually	heterogeneous)	and	H1	(visually	homogeneous)	from	
P2	respectively.		
The	 dispersion	 curves	 for	 the	 homogeneous	 cores	 (A1	 and	 H1)	 display	 close	 to	 ideal	 dispersion	






































The	 core	 material	 analysis	 by	 dispersion	 measurements	 can	 help	 interpret	 the	 results	 from	 the	








is	 an	 important	 factor	when	 evaluating	 a	 surfactant	 flood	 as	 a	 high	 degree	 of	 surfactant	 loss	 can	
make	 the	process	uneconomical	 [33].	 Since	high	 surfactant	 retention	often	 is	 associated	with	high	
brine	 salinity,	 surfactant	 in	 a	 LS	 environment	 is	 a	 positive	 combination	 in	 terms	 of	 retention.	 In	 a	
dynamic	 retention	 experiment	 in	 an	 oil	 free	 core,	 such	 as	 in	 cores	 R1	 and	 R2	 below,	 the	 last	
mechanism	above	is	excluded.		
Table	 6.4	 shows	 the	 retention	 data	 for	 R1	 and	 R2	 in	 addition	 to	 the	 retention	 data	 for	 the	 core	
flooding	experiments	in	P2	as	a	supplement.	All	OS	core	floods	display	a	higher	retention	than	the	LS	














Core	ID	 R1	 L1	 L3	 H1	 R2	 L2	 H2	
Surfactant	injected	[mg]	 206	 129	 165	 164	 269	 189	 161	
Surfactant	recovered	[mg]	 143	 88	 109	 104	 161	 106	 76	
Surfactant	retention	[mg]	 63	 41	 56	 6	 108	 82	 85	
Retention	[mg/g]	 0.28	 0.17	 0.24	 0.26	 0.45	 0.35	 0.36	
	
Figure	 6.11	 shows	 effluent	 surfactant	 concentration	 as	 a	 function	 of	 injected	 volume	 for	 R1	 (LS	
saturated	flooded	with	LSS	solution)	and	R2	(OS	saturated	flooded	with	OSS	solution).	Indications	of	
higher	 retention	 in	R2	 than	R1	by	 later	surfactant	break	 through	and	smaller	area	under	 the	curve	














6.3 LS Waterflooding at Reduced Capillarity under Different Wettability 
Conditions (P1)  
	
6.3.1 LSS Injection in Water-Wet Core Sample  
	
It	 is	evident	 from	most	 LS	 studies	 [51]	 that	 increased	oil	 recovery	by	LS	water	 injection	are	 shown	
using	core	samples	that	are	in	a	wetting	state	other	than	strongly	water-wet.	As	discussed	in	chapter	




cores,	and	analysing	 the	data	 indicates	 that	 this	 core	possible	was	 in	a	water-wet	 state	during	 the	
flooding	experiment.	The	indications	were:		
- No	 additional	 oil	was	 produced	 after	water	 break	 through	 (WBT)	 during	 the	 first	 injection	
step	of	 SW	 injection.	A	 production	profile	with	 no	 two-phase	 production	 following	WBT	 is	
usually	 associated	 with	 water-wet	 porous	 media.	 By	 comparison,	 the	 other	 cores	 in	 this	
thesis	that	were	subjected	to	110⁰C	during	aging,	showed	significant	two-phase	production	
after	WBT.	
- Strongly	water-wet	porous	media	 is	 often	associated	with	 a	 lower	oil	 recovery	 after	water	
injection	than	those	of	a	less	water-wet	state.	No	other	core	shows	a	lower	oil	recovery	than	
A2	after	the	first	injection	step	(Sorw	=	0.35).		
- The	 relative	permeability	 to	oil	ko	 (Swi)	was	measured	before	and	after	 the	aging	process.	 In	






to	 the	 release	of	 fines	 (clay)	 from	the	 rock	which	was	observed	 in	 the	Csc	experiment.	This	
might	be	an	effect	in	water-wet	rock	when	oil	layers	are	not	situated	along	the	pore	walls.	
Despite	 that	 core	 A2	 was	 flooded	 with	 the	 highest	 surfactant	 concentration	 (1	 wt%)	 yielding	 the	
lowest	 IFT,	 see	 chapter	 6.1.1,	 the	 recovery	 did	 not	 increase	 beyond	 what	 was	 observed	 in	 the	
experiment	where	the	lowest	surfactant	concentration	(0.2	wt%)	yielding	the	highest	IFT.	This	could	
be	due	to	the	water-wet	property	of	core	A2.	In	a	water-wet	situation,	more	of	the	residual	oil	will	be	
present	as	snap-off	oil.	 In	a	more	 intermediate-wet	situation,	however,	more	residual	oil	will	be	 in	










6.3.2 How Low IFT is Necessary to Fully Exploit the Combined LSS Effect? 
				
Surfactant	solutions	with	different	IFT	values	were	tested	to	investigate	to	which	extent	the	capillary	
forces	 needed	 to	 be	 reduced	 to	 take	 advantage	 of	 the	 increased	 recovery	 by	 combining	 these	








6.4 Is LSS waterflooding at moderate IFTs as efficient as OSS 




to	 that	 of	 a	 more	 traditional	 surfactant	 flooding	 process	 i.e.	 an	 optimal	 salinity	 surfactant	 (OSS)	
process	at	ultralow	IFT.	










Core	ID	 L1	 L3	 H1	 L2	 H2	
Nc	(LSS/OSS)	 2.4	×	10
−4	 2.4	×	10−4	 2.0	×	10−4	 1.5	×	10−2	 1.3	×	10−2	
LSS/OSS	recovery	[%	OOIP]	 84.0	 85.9	 90.3	 85.2	 92.4	
Sor	(LSS/OSS)	 0.10	 0.10	 0.07	 0.10	 0.05	
ΔSo	(LSS/OSS)	 0.06	 0.17	 0.21	 0.16	 0.25	







Sor	after	 surfactant	 floods	 reaches	values	≤ 0.1	 in	all	 cores	 independent	of	 flooding	procedure.	The	
lowest	Sor	were	obtained	for	the	high	permeable	cores,	H1	and	H2,	with	the	absolute	lowest	in	core	
H2,	which	was	flooded	at	optimal	salinity	with	the	lowest	IFT	in	these	experiments	(3	x	10-4	mN/m).	
The	surfactant	 floods	 in	 L1,	 L3,	and	H1	were	all	 in	 the	LS	 regime	with	a	moderate	 reduction	 in	 IFT	
(0.02	mN/m).	Normalized	Sor,	i.e.	Sor(LSS)/Sor(LS),	for	L3	and	H1	were	0.37	and	0.25,	respectively.	In	both	
cases,	 the	 oil	 recoveries	 are	 significantly	 higher	 than	 what	 would	 be	 predicted	 from	 capillary	













6.5 Is There a Combined Effect of IFT Reduction and Low Salinity on Oil 







The	 salinity	difference	between	 the	LS	and	HS	brine	and	 the	use	of	different	 crude	oils,	 requested	
different	 surfactant	 systems	 for	 each	 of	 the	 cores	 in	 order	 to	 stay	 in	 the	Winsor	 I	microemulsion	
regime	giving	rise	to	a	moderate	reduction	in	IFT,	see	Table	6.2.	
Continuous	 injection	of	surfactant	solution	for	several	pore	volumes	do	not	represent	real	 life	 field	
projects.	 The	 most	 common	 way	 of	 implementing	 an	 EOR	 surfactant	 process,	 is	 thorough	 slug	
injection	 followed	 by	 polymer	 support.	 In	 the	 following	 core	 flooding	 experiments,	 0.5	 wt%	
surfactant	 slugs	 were	 therefore	 used	 for	 the	 tertiary	 injection	 processes,	 followed	 by	 polymer	
support	with	a	viscosity	of	close	to	10	cP.	In-situ	saturation	monitoring	allowed	detection	of	residual	























6.5.1 Tertiary Surfactant Injection 
	
Figure	6.13	shows	oil	saturation	as	a	function	of	the	normalized	core	length	obtained	from	the	in-situ	
saturation	measurements	 during	 the	 0.5	 PV	 surfactant	 slug	 injections	 for	 cores	 LS1,	 LS2,	 and	HS2,	








mN/m.	 Compared	 to	 LS1,	 the	 IFT	 in	 LS2	was	 reduced	 by	 a	 factor	 of	 5	 (IFT	 =	 0.025	mN/m)	which	
reduced	 the	So	 at	 the	 core	 inlet	 by	 24	 saturation	units	 during	 the	 LSS	 slug	process.	 Picking	up	 the	
discussion	in	chapter	6.3.2	on	how	low	IFT	is	needed	to	take	advantage	of	the	combined	process,	it	
seems	that	using	an	IFT	in	the	10-1	like	for	LS1	still	leaves	an	oil	potential	to	be	recovered.	
























6.5.2 Tertiary Polymer Injection 
	
Injection	of	polymer	solution	followed	the	0.5	PV	surfactant	slugs	in	all	cores.	A	closer	look	at	the	Sorc	










the	 moderate	 oil	 recovery.	 The	 viscoelastic	 property	 of	 the	 polymer	 solution	 reduces	 the	 oil	
saturation	at	the	core	inlet	further	by	3	saturation	units	in	this	core.	
In	cores	LS2	and	HS2	on	the	other	hand,	the	oil	saturation	of	the	first	0.15	PV	of	the	core	length	has	
reached	 Sorc	 during	 the	 surfactant	 injection;	 i.e.,	 the	 surfactant	 has	 effectively	 mobilized	 and	
displaced	oil	here.	From	0.15	PV	of	the	core	length	and	toward	the	outlet,	the	polymer	sweeps	the	oil	













slug	 contained	 an	 insufficient	 amount	 of	 surfactant	 to	mobilise	 oil	 at	 the	 core	 outlet	 to	 the	 same	
extent	as	the	core	inlet.	With	a	continuous	surfactant	injection	strategy,	a	lower	average	Sorc	similar	
to	Sorc	at	the	core	inlet	would	likely	be	obtained.	
Since	 the	 IFT	 in	 these	experiments	are	different	 it	 is	difficult	 to	evaluate	 the	effect	of	LSS	 injection	











The	 capillary	 number,	Nc,	 increases	 in	 the	 order	 LS1	 <	 HS1	 <	 LS2	 <	 HS2,	 increasing	 by	 a	 factor	 of	
roughly	10	 from	LS1	 to	HS2.	Assuming	 that	 the	 critical	 capillary	number,	Ncc,	 is	 reached,	Sor	 should	
decrease	in	the	reverse	order,	i.e.,	with	the	highest	Nc	(HS2)	giving	rise	to	the	lowest	Sor,	according	to	
typical	capillary	desaturation	behavior	[4,80,81].	CDC	data	from	the	HSS	and	LSS	experiments	seem	
to	 follow	 two	 different	 curves,	 see	 Figure	 6.15,	 with	 the	 surfactant	 flooding	 experiments	 in	 a	 LS	














7. CONCLUDING REMARKS 
	
The	work	in	this	thesis	have	focused	on	the	hybrid	EOR	technique	of	combining	low	salinity	injection	
with	 surfactant	 (LSS),	 and	 investigate	whether	 these	 two	 techniques	 are	more	 efficient	 combined	
than	 either	 of	 the	 two	 processes	 applied	 alone.	 This	 section	 summarizes	 the	 most	 important	
observations	from	this	work.	
	
- Low Salinity and Surfactant Flooding in Winsor I systems 
	
No	 additional	 oil	 was	 produced	 during	 tertiary	 LS	 water	 injection	 alone.	 Oil	 may	 nonetheless	 be	
destabilized	and/or	redistributed	due	to	changes	in	the	crude	oil/brine/rock	interactions	taking	place	









We	 showed	 that	 by	 taking	 advantage	 of	 the	 destabilized	 oil	 by	 LS	 water,	 and	 combining	 it	 with	
Winsor	I	surfactant	flooding	experiments	with	a	moderate	reduction	in	IFT	in	the	10-2	mN/m	area,	we	
obtained	 comparable	 recoveries	 to	 traditional	 surfactant	 flooding	 experiments	 operating	 in	 the	
ultralow	 IFT	 regime	 (10-4	mN/m).	 Surfactant	 systems	at	moderate	 IFT´s	 are	 easier	 to	obtain,	 exists	
over	 a	 wider	 range	 and	 require	 thus	 less	 effort	 to	 control	 than	 traditional	 surfactant	 flooding	
processes	with	ultralow	IFT.	
Chemical	 loss	 is	 a	 key	 factor	 for	 economical	 evaluation	 of	 a	 surfactant	 flood	 and	 should	 be	
minimized.	 Retention	 is	 lower	 in	 surfactant	 floods	 performed	 at	 lower	 salinities	 since	 adsorption	
increases	 with	 increasing	 salinity,	 and	 precipitation	 and	 phase	 trapping	 of	 the	 surfactant	 is	 more	
likely	 to	 occur	 at	 higher	 salinities.	 In	 this	 work,	 the	 retention	 was	 lower	 in	 the	 LSS	 experiments	
compared	to	the	experiments	using	higher	salinities.	Retention	was	measured	in	the	range	of	0.17	–	











- Evalutaion of the Capillary Number (Nc) for the different flooding 
strategies  
	
The	 Capillary	 Desaturation	 Curve	 (CDC)	 is	 a	 tool	 often	 used	 to	 predict	 microscopic	 displacement	
efficiency	 [80],	 and	 can	 serve	 as	 an	 estimate	 for	 the	 amount	 of	 residual	 oil	 that	 can	 be	 achieved	
under	 given	 pressure	 gradients	 and	 capillary	 forces.	 Thus,	 the	 capillary	 number	 (Nc)	 has	 been	 an	
important	parameter	 in	 this	work	 in	order	 to	quantify	 the	efficiency	of	 the	different	 core	 flooding	
experiments	 and	 thereby	 compare	 them	and	 investigate	 if	 there	 is	 an	 added	benefit	 from	 the	 LSS	
process	as	compared	to	a	regular	surfactant	injection	process.		
Figure	7.1	shows	the	CDC	plots	(Nc	as	a	function	of	Sor)	after	the	tertiary	surfactant	flood	for	the	main	
cores.	 Blue	 symbols	 represent	 LSS	 experiments	 with	 a	 moderate	 reduction	 in	 IFT,	 green	 symbols	
represent	high	salinity	surfactant	experiments	at	ultralow	IFTs	(OSS)	and	red	symbols	represent	high	




























- Core characterization  
	
The	 complexity	 and	 variety	 of	 crude	 oil/brine/rock	 interactions	 present	 in	 the	 literature	 are	 often	






attributed	 to	 destabilization	 of	 adsorbed	 oil	 layers	 which	 are	 mobilized	 and	 produced	 due	 to	 a	
moderate	reduction	in	the	IFT.										
The	Critical	Salt	Concentration	(CSC)	experiments	showed	that	the	core	material	used	in	this	work	is	
sensitive	 to	LS	brine	 injection	by	an	 increase	 in	differential	pressure	over	 the	core	with	decreasing	
salinity,	and	observation	of	clay	particles	in	the	effluent	when	distilled	water	was	injected.	The	DLVO	
theory	can	explain	the	mechanism	for	fines	mobilization	and	is	also	a	suggested	mechanism	for	the	
LSE.	 Upon	 injection	 of	 LS	 brine	 in	 the	 CSC	 experiment,	 the	 electrical	 double	 layer	 in	 the	 aqueous	
phase	 between	 rock	 particles	 will	 expand	 and	 the	 tendency	 for	 stripping	 of	 fines	 is	 increased.	
Explaining	the	LSE,	the	water	film	between	the	rock	and	the	oil	becomes	thicker	upon	injection	of	LS	
brine	due	 to	expansion	of	 the	electrical	double	 layer	between	 rock/brine	and	oil/brine	 resulting	 in	
destabilization	and/or	mobilization	of	the	oil	adhered	to	the	rock	thus	leading	to	a	more	water-wet	
rock.		
The	 core	 material	 analysis	 by	 dispersion	 measurements	 can	 help	 interpret	 the	 results	 from	 the	
flooding	experiments.	In	P2,	identical	core	preparations	and	flooding	sequences	were	performed	on	
cores	L1	and	L3,	yet	the	production	data	in	these	experiments	showed	large	variations.	This	may	be	a	







8. FURTHER WORK 
	
This	thesis	builds	on	the	hypothesis	that	oil	layers	adhered	to	rock	surface	are	destabilized	by	low	
salinity	 injection.	 However,	 the	 work	 has	 not	 concentrated	 on	 experiments	 to	 investigate	 the	
mechanism(s)	behind	this	effect	alone.	This	is	a	topic	many	researchers	have	been	trying	to	find	
more	 precise	 answers	 to	 for	 years,	 and	 lately	 it	 seems	 to	 be	 a	 growing	 interest	 towards	 the	
theories	concerning	thin	liquid	films	between	crude	oil/brine	and	rock/brine	surfaces.	It	would	be	
interesting	 to	 follow	 this	 and	measure	 brine	 film	 thickness	 as	 an	 effect	 of	 brine	 salinity.	 One	
method	 is	 by	 Ellipsometry.	 Another	 method	 for	 this	 purpose	 is	 measurements	 of	 the	 Zeta	
potential.			
In	this	work,	we	have	investigated	and	compared	the	oil	recovery	from	LSS	surfactant	systems	to	
other	 surfactant	 systems	 like;	 a	 high	 salinity	 system	 in	 a	Winsor	 I	 regime	 using	 slug	 injection	
strategy	and	high	salinity	system	in	Winsor	III	regime	using	continuous	injection	strategy.	Due	to	
the	different	strategies	(continuous	vs	slug	injection),	the	results	showed	different	trends	in	the	
CDC	 plot.	 Performing	 continuous	 flooding	 strategy	 on	 all	 the	 different	 surfactant	 systems	 and	
then	later	on	optimize	them	for	slug	injection	would	obtain	comparable	experiments	for	all	the	
systems	and	strategies	used.	
From	 the	 core	 flooding	 results,	 it	 seems	 like	 the	 CDC	 follow	 different	 trends	 for	 the	 LSS	
experiments	compared	to	the	HSS/OSS	experiments.	A	series	of	core	flooding	experiments	where	
the	IFT	is	gradually	reduced	in	both	the	LSS	regime	and	the	HSS	regime	would	give	complete	CDC	
for	 the	 two	processes.	 That	way	we	 could	 conclude	 if	 the	 two	processes	 show	different	 trend	
over	the	whole	range	of	Nc’s.	
Performing	 LS	 and	 LSS	 flooding	 experiments	 on	 core	 samples	 while	 using	 micro-CT	 scanning	
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